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(57) ABSTRACT 
A communication system is disclosed that alloWs high 
data-rate transmission of data betWeen components. N-bit 
parallel data is transmitted in K-frequency separated chan 
nels on the transmission medium so as to fully take advan 
tage of the overall bandwidth of the transmission medium. 
As a result, a very high data-rate transmission can be 
accomplished With loW data-bit transmission on individual 
channels. A transmitter system and a receiver system are 
described for the communication system. 
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LOW COMPLEXITY HIGH-SPEED 
COMMUNICATIONS TRANSCEIVER 

RELATED APPLICATIONS 

[0001] The present disclosure is a continuation-in-part of 
US. application Ser. No. 09/904,432, by Sreen Raghavan, 
?led on Jul. 11, 2001, assigned to the same entity as is the 
present application, herein included by reference in its 
entirety. 

BACKGROUND 

[0002] 1. Field of the Invention 

[0003] The present invention is related to high-speed 
communications of data in a communication system and, in 
particular, to high data rate transmission of data betWeen 
components in a communication system. 

[0004] 2. Discussion of Related Art 

[0005] Many conventional systems for transmitting data 
betWeen components Within a cabinet or betWeen cabinets of 
components utiliZe copper or optical backplanes for trans 
mission of digital data. For example, high data rate trans 
ceiver systems are utiliZed in many backplane environments, 
including optical sWitching devices, router systems, 
sWitches, chip-to-chip communications and storage area 
netWorking sWitches. Other environments that utiliZe high 
speed communication betWeen components include inter 
cabinet communications and chip-to-chip communications. 
Typical separations of components in such systems is 
betWeen about 0.1 and about 10 meters. 

[0006] Existing techniques utiliZed in such environments 
typically use non-return to Zero (NRZ) modulation to send 
and receive information over high-speed backplanes or for 
high data rate chip-to-chip interconnects. Typically, the 
transceiver for sending high-speed data over a backplane is 
called a serialiZer/deserialiZer, or SERDES, device. 

[0007] FIG. 1A shoWs a block diagram of a backplane 
environment 100. Components 101-1 through 101-Q are 
coupled to transmit and receive data through input/output 
(I/O) ports 102-1 through 102-Q, respectively, to backplane 
110. Conventionally, components 101-1 through 101-Q are 
SERDES devices. 

[0008] FIG. 1B shoWs a block diagram of a conventional 
transmitter portion of one of SERDES devices 101-1 
through 101-Q on I/O ports 102-1 through 102-Q, respec 
tively. Parallel data is received in a bit encoder 105. Bit 
encoder 105 encodes the parallel data, for eXample by 
adding redundancy in the input data, to ensure a minimum 
rate of data transitions in the output data stream. Typical 
encoding schemes include rate 8/10 (8 bit input to 10 bit 
output) encoding. The parallel data is serialiZed in parallel to 
serial converter 106. Output driver 107 then receives the 
serialiZed data from parallel to serial converter 106 and 
outputs, usually, a differential voltage signal for transmis 
sion over backplane 110. In addition, there is typically a 
phase locked loop (PLL) 114 that provides the necessary 
clock signals for encoder 105 and parallel-to-serial converter 
106. The input signal to PLL 114 is a reference clock signal 
from a system PLL 103. 

[0009] FIG. 1C shoWs a conventional receiver 108 of one 
of SERDES devices 101-1 through 101-Q on I/O ports 
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102-1 through 102-Q, respectively, of FIG. 1A. Input driver 
109 receives differential voltage signal from backplane 110 
and outputs the analog data signal to clock and data recovery 
circuit 113. Data recovery 113 can, in some systems, per 
form equalization, recover the timing and output a serial bit 
stream of data to serial-to-parallel converter 111. The serial 
data is input to bit decoder 112 Which converts the parallel 
data to parallel decoded data. Clock and data recovery 
circuit 113 also outputs the necessary clock signals to 
serial-to-parallel converter 111 and bit decoder 112. 

[0010] A conventional SERDES system 100 can enable 
serial data communication at data rates as high as 2.5 Gbps 
to 3.125 Gbps over a pair of FR4 copper traces in a copper 
backplane communication system. The biggest problem 
With eXisting SERDES systems 100 is that they are very 
bandWidth inefficient, i.e., they require 3.125 GHZ of band 
Width to transmit and receive 2.5 Gbps of data over a single 
pair of copper Wires. Therefore, it is very difficult to increase 
the data rates across backplane bus 110. Additionally, SER 
DES system 100 requires the implementation of a high clock 
rate (3.125 GHZ for 2.5 Gbps data rates) phase locked loop 
(PLL) 114 implemented to transmit data and recovery of 
high clock rates in data recovery 113. The timing WindoW 
Within Which receiver 108 needs to determine Whether the 
received symbol in data recovery 110 is a 1 or a 0 is about 
320 ps for the higher data rate systems. This timing WindoW 
creates eXtremely stringent requirements on the design of 
data recovery 113 and PLL 114, as they must have very loW 
peak-to-peak jitter. 

[0011] Conventional SERDES system 100 also suffers 
from other problems, including eye closure due to intersym 
bol interference (ISI) from the dispersion introduced by 
backplane 110. The ISI is a direct result of the fact that the 
copper traces of backplane 110 attenuate higher frequency 
components in the transmitted signals more than the loWer 
frequency components in the transmitted signal. Therefore, 
the higher the data rate the more ISI suffered by the 
transmitted data. In addition, electrical connectors and elec 
trical connections (e.g., vias and other components) used in 
SERDES device 100 cause re?ections, Which also cause ISI. 

[0012] To overcome these problems, equaliZation must be 
performed on the received signal in data recovery 113. 
HoWever, in eXisting very high data-rate communication 
systems, equaliZation is very difficult to perform, if not 
impossible due to the high baud rate. A more commonly 
utiliZed technique for combating ISI is knoWn as “pre 
emphasis”, or pre-equaliZation, performed in bit encoder 
105 and output driver 107 during transmission. In some 
conventional systems, the amplitude of the loW-frequencies 
in the transmitted signal is attenuated to compensate for the 
higher attenuation of the high frequency component by the 
transmission medium of bus 110. While this makes the 
receiver more robust to ISI, pre-emphasis reduces the overall 
noise tolerance of transmission over backplane 110 of back 
plane communication system 100 due to the loss of signal 
to-noise ratio (SNR). At higher data rates, conventional 
systems quickly become intractable due to the increased 
demands. 

[0013] Therefore, there is a need for a more robust system 
for transmitting data betWeen components on a backplane or 
data bus at very high speeds. 
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SUMMARY 

[0014] In accordance With the present invention, a data 
transmission system is presented that allows very high data 
transmission rates over a data bus that utilizes the signal 
attenuation properties of the copper based backplane inter 
connect system. In addition, this transmission scheme does 
not result in increased intersymbol interference at the 
receiver despite transmitting data at a very high speed. The 
data transmission system includes a transmitter system and 
a receiver system coupled through a transmission medium. 
The transmitter system receives parallel data having N bits 
and separates the N bits into K subsets for transmission into 
K frequency separated channels on the transmission 
medium. The receiver system receives the data from the K 
frequency separated channels from the transmission medium 
and recovers the N parallel bits of data. In some embodi 
ments, the N parallel bits are separated into K subsets of bits, 
the K subsets of bits are encoded into K symbols, each of 
Which is up-converted to a carrier frequency appropriate to 
one of the K channels. The summed output signal resulting 
from up- converting into each of the K channels is trans 
mitted over the transmission medium. 

[0015] In some embodiments, the transmitter system 
includes K separate transmitters. Each of the K transmitters 
receives a subset of the N-bits, encodes the subset of bits, 
and modulates the encoded symbols With a carrier signal at 
a frequency separated from that of others of the K transmit 
ters. The summed signals from each of the K separate 
transmitters is transmitted over the transmission medium. 
The transmission medium can be any medium, including 
optical, infrared, Wireless, tWisted copper pair, or copper 
based backplane interconnect channel. 

[0016] In some embodiments, each of the K transmitters 
receives a subset of the N data bits, encodes the subset, maps 
the encoded subset onto a symbol set, and up-converts the 
analog symbol stream to a carrier frequency assigned to that 
transmitter. The up-converted symbol stream is then trans 
mitted through the transmission medium to a receiver sys 
tem having a receiver for doWn-converting and recovering 
the data stream transmitted on each of the carrier frequen 
cies. For eXample, in some embodiments each of the K 
transmitters receives the subset of bits, encodes them With a 
trellis encoder and maps them onto a quadrature-amplitude 
modulated (QAM) symbol set. In some embodiments, the 
symbols output from the QAM mapping are processed 
through a digital-to-analog converter before being up-con 
verted to a carrier frequency to produce the output signal 
from the transmitter. Any encoding and symbol mapping 
scheme can be utiliZed. 

[0017] Each of the output signals from the K transmitters 
are summed for transmission in K separate transmission 
channels on the transmission medium. The receiver receives 
the summed signals, With data transmitted at K separate 
channels. In some embodiments, the receiver doWn-converts 
the summed signals by the frequency of each of the K 
separate channels to recover the symbols transmitted in each 
of the K separate channels. The subsets of digital data can 
then be recovered from the recovered symbols. 

[0018] The receiver system receives the combined signal, 
separates the signal by carrier frequency, and recovers the 
bits from each carrier frequency. In some embodiments, the 
signal received from the transmission medium is received 
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into K parallel receivers. Each of the K receivers separates 
out the signal centered around the carrier frequency allo 
cated to that channel by the transmitter, equaliZes the signal, 
and decodes the signal to retrieve the subset of N bits 
assigned to the corresponding transmitter modulator. 

[0019] As a result, parallel streams of serial data bits are 
separated into separate subsets Which are transmitted on 
different frequency bands to form separate channels on the 
transmission medium. Therefore, the data rate and the sym 
bol rate transmitted in each of the separate channels can be 
much loWer than the overall data transmission rate. The 
loWer data rate and symbol rate in each channel provides for 
simpler receiver processing With many feWer problems (e. g., 
speed of components utiliZed for equaliZation and data 
recovery) than the high data rate transmissions. In addition, 
because the symbol rates are loWer, the amount of receiver 
equaliZation needed on each of the K channels can be 
smaller, and can be implemented With a simpler equaliZation 
structures. Because of the loWer symbol rates, receiver 
signals can be processed With complex, optimal algorithms. 

[0020] In some embodiments, the transmission into each 
of the available transmission channels can be bit-loaded so 
that the channels occupying the loWer part of frequency 
spectrum can be modulated With higher order symbol con 
stellations to provide higher bit throughput per modulated 
symbol in those channels. Conversely, the channels occu 
pying the higher carrier frequencies can be modulated With 
loWer order symbol constellations to provide loWer numbers 
of bits per modulated symbol. By performing bit-loading, 
the data throughput that can be achieved over the transmis 
sion medium, for eXample a copper based interconnect 
system, can be maXimiZed because the signal-to-noise ratio 
(SNR) available in the channel is higher at loWer frequencies 
in the channel than in the higher frequencies. Thus, the 
bit-loaded transmission technique can be tailored to maXi 
miZe the overall capacity of a copper based interconnect 
system. In embodiments With QAM symbol constellations, 
for example, QAM constellations With more symbols (and 
therefore Which can carry more bits per symbol) can be 
transmitted in channels With loWer carrier frequencies While 
QAM constellations With feWer symbols (and therefore 
representing feWer bits per symbol). can be transmitted in 
channels With higher carrier frequencies. 

[0021] A transmission system according to the present 
invention can include a plurality of transmitters, each of the 
plurality of transmitters transmitting data in one of a plu 
rality of transmission bands, at least one of the plurality of 
transmitters comprising a trellis encoder coupled to receive 
data to be transmitted; a symbol mapper coupled to receive 
output signals from the trellis encoder; at least one digital to 
analog converter coupled to receive output signals from the 
symbol mapper; at least one ?lter coupled to receive analog 
output signals from the at least one digital to analog con 
verter; and an up-converter coupled to receive output signals 
from the at least one ?lter and shift a frequency of the output 
signal to an assigned frequency. 

[0022] The symbol mapper can by any symbol mapper, for 
eXample a 128 QAM symbol mapper. The encoder can 
encode any of the subset of bits, for eXample the most 
signi?cant bit. The ?lter can be an analog loW-pass ?lter 
With a cut off frequency and an eXcess bandWidth that passes 
a base-band data signal but substantially ?lters out higher 
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frequency signals. The ?lter can, in some embodiments, be 
characterized as a a tWo-Zero, ?ve-pole ?lter With ?lter 
parameters chosen such that an output response of the at 
least one of the plurality of ?lters approximates a raised 
cosine function. 

[0023] A transmission system in accordance With the 
present invention can include a plurality of receivers, each 
of the plurality of receivers receiving signals from one of a 
plurality of transmission bands, at least one of the plurality 
of receivers including a doWn converter that converts an 
input signal from the one of the plurality of transmission 
bands to a base band; a ?lter coupled to receive signals from 
the doWn converter, the ?lter substantially ?ltering out 
signals not in the base band; an analog-to-digital converter 
coupled to receive signals from the ?lter and generate 
digitiZed signals; an equaliZer coupled to receive the digi 
tiZed signals; and a trellis decoder coupled to receive signals 
from the equaliZer and generate recreated data, the recreated 
data being substantially the same data transmitted by a 
corresponding transmitter. 

[0024] In some embodiments, the ?lter includes ?lters that 
can be characteriZed With tWo-Zero, ?ve-pole functions With 
parameters chosen such that the response of the ?lters is 
substantially a raised cosine function. In some embodiments, 
the transmit and receiver ?lters are chosen to be substan 
tially the same and the combination set to provide overall 
?ltering. 
[0025] In some embodiments, the doWn-converter gener 
ates in-phase and quadrature signals by multiplying the input 
signal With a cosine function and a sine function, respec 
tively, With frequency equal to an estimate of the center 
frequency of the transmission band. In some embodiments, 
the output signals from the doWn converter may be offset. In 
some embodiments, the offset values can be set such that 
output signals from the analog-to-digital converters average 
0. In some embodiments, a small rotation and amplitude 
adjustment can be applied betWeen digitiZed in-phase and 
quadrature signals. In some embodiments, a phase rotation 
can be applied to digitiZed in-phase and quadrature correc 
tions. Further, a digital offset can be applied to the digitiZed 
in-phase and out-of-phase signals. Further, a quadrature 
correction can be applied to the output signals from the 
equaliZer. Additionally, further ampli?cation can be applied 
to the output signals from the equaliZer. Additionally, a 
further offset can be applied to the output signals from the 
equaliZer such that an error signal betWeen sliced values and 
input values to a slicer are Zeroed. Parameters for offsets, 
ampli?ers, phase rotators, quadrature rotators, and equaliZ 
ers can be adaptively chosen. 

[0026] These and other embodiments are further discussed 
beloW With respect to the folloWing ?gures. 

SHORT DESCRIPTION OF THE FIGURES 

[0027] FIGS. 1A, 1B and 1C shoW block diagrams for a 
conventional system of transmitting data over a backplane. 

[0028] FIG. 2A shoWs a block diagram of a transmission 
system according to the present invention. 

[0029] FIG. 2B shoWs a block diagram of a transmitter 
according to the present invention. 

[0030] FIG. 2C shoWs a block diagram of a receiver 
according to the present invention. 
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[0031] FIG. 3 shoWs a graph of attenuation versus trans 
mission band on the transmission medium according to the 
present invention. 

[0032] FIG. 4 shoWs a block diagram of an embodiment 
of a transmission modulator according to the present inven 
tion. 

[0033] FIG. 5 shoWs a block diagram of an embodiment 
of a receiver demodulator according to the present invention. 

[0034] FIG. 6A shoWs a schematic diagram of a trellis 
encoder according to the present invention. 

[0035] FIG. 6B shoWs a schematic diagram of a symbol 
mapper according to the present invention. 

[0036] FIG. 6C shoWs a schematic diagram of a 128 
QAM constellation. 

[0037] FIG. 6D shoWs ?ltering of the output signal from 
a digital to analog converter according to the present inven 
tion. 

[00%] 
[0039] FIG. 7 shoWs a block diagram of an embodiment 
of a tracking and error-recovery circuit of the receiver shoWn 
in FIG. 5. 

[0040] FIGS. 8A and 8B shoWs a block diagram of an 
embodiment of an automatic gain control circuit of a 
receiver demodulator according to the present invention. 

[0041] FIG. 9 shoWs a block diagram of a transceiver chip 
according to the present invention. 

[0042] FIGS. 10A, 10B and 10C illustrate an embodiment 
of a trellis decoder. 

[0043] In the ?gures, elements designated With the same 
identi?cations on separate ?gures are considered to have the 
same or similar functions. 

FIG. 6E shoWs raised cosine ?lter response. 

DETAILED DESCRIPTION 

[0044] FIG. 2A shoWs a block diagram of a transmission 
system 200 according to the present invention. System 200 
includes any number of components 201-1 through 201-P, 
With component 201-p representing an arbitrary one of 
components 201-1 through 201-P, coupled through a trans 
mission medium 250. Transmission medium 250 may 
couple component 201-p to all of the components 201-1 
through 201-P or may couple component 201-p to selected 
ones of components 201-1 through 201-P. In some embodi 
ments, components 201-1 through 201-P are coupled 
through FR4 copper traces. 

[0045] System 200 can represent any backplane system, 
any chassis-to-chassis digital communication system, or any 
chip-to-chip interconnect With components 201-1 through 
201-P representing individual cards, cabinets, or chips, 
respectively. 

[0046] Transmission channel 250 can represent any trans 
mission channel, including optical channels, Wireless chan 
nels, or metallic conductor channels such as copper Wire or 
FR4 copper traces. Typically, transmission channel 250 
attenuates higher frequency signals more than loWer fre 
quency signals. As a result, intersymbol interference prob 
lems are greater for high data rate transmissions than for 
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lower data rate transmissions. In addition, cross-talk from 
neighboring signals increases With transmission frequency. 

[0047] Components 201-1 through 201-P include trans 
mitter systems 210-1 through 210-P, respectively, and 
receiver systems 220-1 through 220-P, respectively. Further, 
in some embodiments, timing for all of components 201-1 
through 201-P can be provided by a phase-locked-loop 
(PLL) 203 synchroniZed to a transmit source clock signal. In 
some embodiments, PLL 203 provides a reference clock 
signal and each of components 201-1 through 201-P can 
include any number of phase locked loops to provide 
internal timing signals. 

[0048] In some systems, for eXample backplane systems 
or cabinet interconnects, the transmission distance through 
transmission channel 250, ie the physical separation 
betWeen components 201-1 through 201-P, can be as loW as 
1 to 1.5 meters. In some chip-to-chip environments, the 
physical separation betWeen components 201-1 though 
201-P can be much less (for eXample a feW millimeters or a 
feW centimeters). In some embodiments of the present 
invention, separations betWeen components 201-1 through 
201-P as high as about 100 meters can be realiZed. Further 
more, in some embodiments transmission channel 250 can 
be multiple tWisted copper pair carrying differential signals 
betWeen components 201-1 through 201-P. In some embodi 
ments, components 201-1 through 201-P can share Wires so 
that feWer Wires can be utiliZed. In some embodiments, 
hoWever, dedicated tWisted copper pair can be coupled 
betWeen at least some of components 201-1 through 201-P. 
Further, transmission medium 250 can be an optical 
medium, Wireless medium, or data bus medium. 

[0049] FIG. 2B shoWs a block diagram of an embodiment 
of transmitter system 210-p, an arbitrary one of transmitter 
systems 210-1 through 210-P. Transmitter system 210-p 
receives an N-bit parallel data signal at a bit allocation block 
211. Bit allocation block 211 also receives the reference 
clock signal from PLL 203. Bit allocation block 211 segre 
gates the N input bits into K individual channels such that 
there are n1 through nK bits input to transmitters 212-1 
through 212-K, respectively. In some embodiments, each of 
the N bits is assigned to one of the K individual channels so 
that the sum of n1 through nK is the total number of bits N. 
In some embodiments, bit allocation block 211 may include 
error pre-coding, redundancy, or other K overall encoding 
such that the number of bits output, ie 

[0050] 
[0051] Each of transmitters 212-1 through 212-K encodes 
the digital data input to it and outputs a signal modulated at 
a different carrier frequency. Therefore, the nk digital data 
bits input to transmitter 212-k, an arbitrary one of transmit 
ters 212-1 through 212-K, is output as an analog signal in a 
kth transmission channel at a carrier frequency fk. FIG. 3 
shoWs schematically the transport function for a typical 
transmission channel 250 (FIG. 2A), As is shoWn, the 
attenuation at higher frequencies is greater than the attenu 

is greater than N. 
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ation at loWer frequencies. Transmitters 212-1 through 
212-K transmit analog data at carrier frequencies centered 
about frequencies ? through fK, respectively. Therefore, 
transmitters 212-1 through 212-K transmit into transmission 
channels 301-1 through 301-K, respectively. In some 
embodiments, the Width of each of transmission channels 
301-1 through 301-K can be the same. The Width of the 
bands of each of transmission channels 301-1 through 301-K 
can be narroW enough so that there is little to no overlap 
betWeen adjacent ones of transmission channels 301-1 
through 301-K. In some embodiments, since the attenuation 
for the loWer frequency channels is much smaller than the 
attenuation for the higher frequency channels, loWer fre 
quency channels can be bit-loaded to carry higher number of 
bits per baud interval than the number of bits per baud 
interval that can be carried at higher carrier frequencies. 

[0052] The analog output signal from each of transmitters 
212-1 through 212-K, y1(t) through yK(t), then represents 
the transmission signal in each of channels 301-1 through 
301-K, respectively. Signals y1(t) through yK(t), then, are 
input to summer 213 and the summed analog signal Z(t) is 
input to output driver 214. In some embodiments, output 
driver 214 generates a differential transmit signal corre 
sponding to signal Z(t) for transmission over transmission 
medium 250. Output driver 214, if transmission medium 250 
is an optical medium, can also be an optical driver modu 
lating the intensity of an optical signal in response to the 
signal Z(t). 

[0053] FIG. 2C shoWs an embodiment of a receiver 
system 220-p, Which can be an arbitrary one of receiver 
systems 220-1 through 220-P of FIG. 2A. Receiver system 
220-p can receive a differential receive signal, Which origi 
nated from one of transmitter systems 210-1 through 210-P, 
into an input buffer 224. In some embodiments, an optical 
signal can be received at input buffer 224, in Which case 
input buffer 224 includes an optical detector. The output 
signal from input buffer 224, Z(t), is closely related to the 
output signal Z(t) of summer 213. HoWever, the signal Z(t) 
shoWs the effects of transmission through transmission 
medium 250 on Z(t), including intersymbol interference 
(151). 
[0054] The signal Z(t) is input to each of receivers 222-1 
through 222-K. Receivers 222-1 through 222-K demodulate 
the signals from each of the transmission channels 301-1 
through 301-K, respectively, and recovers the bit stream 
from each of carrier frequencies f1 through fK, respectively. 
The output signals from each of receivers 222-1 through 
222-K, then, include parallel bits n1 through nK, respec 
tively. The output signals are input to bit parsing 221 Where 
the transmitted signal having N parallel bits is reconstructed. 
Receiver system 220-p also receives the reference clock 
signal from PLL 203, Which is used to generate internal 
timing signals. Furthermore, receiver system 220-p outputs 
a receive clock signal With the N-bit output signal from bit 
parsing 221. 

[0055] In some embodiments, N-bits of high-speed paral 
lel digital data per time period is input to bit allocation 211 
of transmitter system 210-p along With a reference clock 
signal. Data is transmitted at a transmit clock rate of CK1, 
Which can be determined by an internal phase-locked-loop 
from the reference clock signal. Each of these input signals 
of N-bits can change at the rate of a transmit clock signal 
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CK1. The transmit clock signal CK1 can be less than or 
equal to 11 GHZ/N, Where 1] represents the total desired bit 
rate for transmission of data from transmitter system 210-p 
over transmission medium 250. The resultant maXimum 
aggregate input data rate, then, equals 1] Gbps. The 1] Gbps 
of aggregate input data is then split into K sub-channels 
301-1 through 301-K (see FIG. 3) Which are generated by 
transmitters 212-1 through 212-K, respectively, such that: 

K (1) 
Z Bknk : 1] Gbps, 
/<:1 

[0056] Where nk is the number of bits transmitted through 
the kth transmission band, centered about frequency fk, With 
a symbol baud rate on the kth sub-channel being equal to Bk. 

[0057] In some embodiments of the invention, each of the 
K sub-channels 301-1 through 301-K can have the same 
baud rate B. In general, the baud rate Bk of one sub-channel 
301-k, Which is an arbitrary one of sub-channels 301-1 
through 301-K, can differ from the baud rate of other 
sub-channels. Additionally, bit-loading can be accomplished 
by choosing symbol sets Which carry a larger number of bits 
of data for transmission channels at loWer frequencies and 
symbol sets Which carry a loWer number of bits of data for 
transmission channels at higher frequencies (i.e., nk is higher 
for loWer frequencies). 

[0058] In the case of a copper backplane interconnect 
channel of trace length 1<2 meters, for eXample, the signal 
to-noise ratio of the loWer carrier frequency channels is 
substantially greater than the signal-to-noise ratio available 
on the higher sub-channels because the signal attenuation on 
the copper trace increases With frequency and because the 
channel noise resulting from alien signal cross-talk increases 
With frequency. These properties of the copper interconnect 
channel can be exploited to “load” the bits/baud of the K 
sub-channels so that the overall throughput of the intercon 
nect system is maXimiZed. For eXample, digital communi 
cation signaling schemes (modulation+coding), see, eg 
BERNARD SKLAR, DIGITAL COMMUNICATIONS, 
FUNDAMENTALS AND APPLICATIONS (Prentice-Hall, 
Inc.,1988), can be utiliZed that provide higher bit density per 
baud interval over channels occupying the loWer region of 
the frequency spectrum, and that result in loWer bit density 
over channels that occupy higher frequencies. This “bit 
loading” is especially important When the data rates over 
copper interconnect channel need to be increased, for 
eXample to a rate in eXcess of 10 Gbps per differential 
copper pair. 

[0059] FIG. 4 shoWs an embodiment of transmitter 212-k, 
an arbitrary one of transmitters 212-1 through 212-K. Trans 
mitter 212-k receives nk bits per baud interval, l/Bk, for 
transmission into sub-channel 301-k. The nk bits are 
received in scrambler 401. Scrambler 401 scrambles the nk 
bits and outputs a scrambled signal of nk bits, Which “Whit 
ens” the data. 

[0060] The output signal of nk parallel bits is then input to 
encoder 402. Although any encoding scheme can be utiliZed, 
encoder 402 can be a trellis encoder for the purpose of 
providing error correction capabilities. Trellis coding alloWs 
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for redundancy in data transmission Without increase of 
baud rate, or channel bandWidth. Trellis coding is further 
discussed in, for eXample, BERNARD SKLAR, DIGITAL 
COMMUNICATIONS, FUNDAMENTALS AND APPLI 
CATIONS (Prentice-Hall, Inc.,1988), G. Ungerboeck., 
“Trellis Coding Modulation With Redundant Signal Sets, 
Part I. Introduction,” IEEE Communications MagaZine, vol. 
25, no. 2, February 1987, pp. 5-11, and G. Ungerboeck., 
“Trellis Coding Modulation With Redundant Signal Sets, 
Part II. State of the Art,” IEEE Communications MagaZine, 
vol. 25, no. 2, February 1987, pp. 12-21. Other encoding 
schemes include block coding schemes such as Reed-So 
lomon encoders, and BCH encoders, see, e.g., G. C. 
CLARK, JR., AND J. B. CAIN., ERROR CORRECTION 
CODING FOR DIGITAL COMMUNICATIONS (Plenum 
Press, NeW York, 1981), hoWever they result in an increase 
of channel bandWidth usage. Typically, the signal output 
from encoder 402 includes more bits than nk, nk+1e. In some 
embodiments, encoder 402 can be a trellis encoder Which 
adds one additional bit, in other Words encoder 402 can be 
a rate nk/nk+1 encoder, see, e.g., G. Ungerboeck., “Trellis 
Coding Modulation With Redundant Signal Sets, Part I. 
Introduction,” IEEE Communications MagaZine, vol. 25, 
no. 2, February 1987, pp. 5-11, and G. Ungerboeck., “Trellis 
Coding Modulation With Redundant Signal Sets, Part II. 
State of the Art,” IEEE Communications MagaZine, vol. 25, 
no. 2, February 1987, pp. 12-21. In some embodiments, 
additional bits can be added to insure a minimum rate of 
transitions so that timing recovery can be efficiently accom 
plished at receiver 220-p. 

[0061] FIG. 6A shoWs an embodiment of encoder 402. 
Encoder 402 of FIG. 6A is an nk/nk+1 trellis encoder. 
Encoder 402 of FIG. 6a performs a rate 1/2 convolutional 
coding on the most-signi?cant-bit (MSB) of the nk bit input 
signal. The MSB is input to delay 601. The output signal 
from delay 601 is input to delay 602. The MSB and the 
output signal from delay 602 are input to XOR adder 603. 
The output from XOR adder 603 provides a coded bit. The 
MSB, the output signal from delay 601, and the output signal 
from delay 602 are XORed in adder 604 to provide another 
coded bit. The tWo coded bits are joined With the remaining 
nk-l bits to form a nk+1 bit output signal. Delays 601 and 
602 are each clocked at the symbol baud rate B. One skilled 
in the art Will recogniZe that other embodiments of encoder 
402 can be utiliZed With embodiments of this invention. 

[0062] In transmitter 212-k of FIG. 4, the output signal 
from encoder 402 is input to symbol mapper 403. Symbol 
mapper 403 can include any symbol mapping scheme for 
mapping the parallel bit signal from encoder 402 onto 
symbol values for transmission. In some embodiments, 
symbol mapper 403 is a QAM mapper Which maps the 
(nk+1e) bits from encoder 402 onto a symbol set With at least 
2(nk+1e) symbols. As shoWn in FIG. 6a, 1e=1 in the output 
signal from encoder 402. A trellis encoder in conjunction 
With a QAM mapper can provide a trellis encoded QAM 
modulation for sub-channel 301-k. 

[0063] FIG. 6B shoWs an embodiment of symbol mapper 
403. Symbol mapper 403 receives the nk+1 data bits from 
encoder 402 and generates a symbol Which can include an 
in-phase component Ik and a quadrature component Qk. In 
some embodiments, symbol mapper 403 includes a look-up 
table 605 Which maps the nk+1 input bits to the complex 
output symbol represented by Ik and Qk. 
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[0064] Table I shows an example symbol look-up table for 
conversion of a 7-bit data signal into a 128-symbol QAM 
scheme. Table entries are in decimal format With the in 
phase values along the bottom roW and the quadrature values 
represented along the last column. From Table I, a decimal 
value of 96, for example, results in an I value of —1 and a Q 
value of —1. 

[0065] In some embodiments, the QAM mapping can be 
segregated into groups of four as is shoWn in FIG. 6c. In 
some embodiments, With a 128 QAM system, then nk+1 is 
7. The tWo control bits from encoder 402 are arranged so that 
in groups of four symbols, the tWo control bits determine 
placement in the group. Control bits 00 and 11 and control 
bits 01 and 10 are in opposite corners of the groupings of 
four. This leads to a 6 dB gain in decoding at the receiver 
using this mapping scheme. Furthermore, the remaining ?ve 
bits determine the actual grouping of four. 

[0066] The output signal from symbol mapper 403 can be 
a complex signal represented by in-phase signal Ik(n) and a 
quadrature signal Qk(n), Where n represents the nth clock 
cycle of the clock signal CKl, Whose frequency equals the 
baud rate Bk. Each of signals Ik(n) and Qk(n) are digital 
signals representing the values of the symbols they repre 
sent. In some embodiments, a QAM mapper onto a constel 
lation With 128 symbols can be utiliZed. An embodiment of 
a 128symbol QAM constellation is shoWn in Table I. Other 
constellations and mappings are Well knoWn to those skilled 
in the art, see, e.g., BERNARD SKLAR, DIGITAL COM 
MUNICATIONS, FUNDAMENTALS AND APPLICA 
TIONS (Prentice-Hall, Inc., 1988) and E. A. LEE AND D.G. 
MESSERSCHMITT, DIGITAL COMMUNICATIONS 
(KluWer Academic Publishers, 1988). The number of dis 
tinct combinations of Ik(n) and Qk(n), then, represents the 
number of symbols in the symbol set of the QAM mapping 
and their values represents the constellation of the QAM 
mapping. 

[0067] The signals from symbol mapper 403, Ik(n) and 
Qk(n), are input to digital-to-analog converters (DACs) 406 
and 407, respectively. DACs 406 and 407 operate at the 
same clock rate as symbol mapper 403. In some embodi 
ments, therefore, DACs 406 and 407 are clocked at the 
symbol rate, Which is the transmission clock frequency Bk. 

[0068] The analog output signals from DACs 406 and 407, 
represented by Ik(t) and Qk(t), respectively, can be input to 
loW-pass ?lters 408 and 409, respectively. LoW pass ?lters 
408 and 409 are analog ?lters that pass the symbols repre 
sented by Ik(t) and Qk(t) in the base band While rejecting the 
multiple frequency range re?ections of the base band signal. 
FIG. 6a' shoWs a schematic diagram of the ideal require 
ments for ?lters 408 and 409. The ?lter function h(f) cuts off 
to include all of the base band signal While rejecting all of 
the higher frequency re?ections of the base band signal 
created by DACs 406 and 407. 

[0069] An example embodiment of ?lters 408 and 409 can 
be described by a tWo-Zero, ?ve-pole ?lter function of the 
form 

b2s2 + bls + b0 (2) 
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[0070] Where s=j(2s'cf) and the coefficients b2, b1, b0, and 
a4 through aO are the parameters of ?lters 408 and 409. The 
parameters for ?lters 408 and 409, then, can be found by 
minimiZing the cost function 

[0071] Where HDAc(f) is the response of DACs 406 and 
407, Which can be given by 

‘ 4 

HDAC(f) = SmifJfTk), ( ) 

[0072] Where Tk is the symbol period, is a Weighting 
function, HRRc(f) is a target overall response and "c is the 
time delay on the target response. The cost function is 
minimiZed With respect to the parameters of the ?lter (e.g., 
coef?cients b2, b1, b0, and a4 through a0) and the time delay 
"5. FIG. 6E shoWs an example of a target overall response 
function HRRc(f), Which is a square-root raised cosine 
function. The function HRRc(f) can be determined by a 
parameter otk along With the baud rate frequency 1/Tk(Wh1Ch 
is the baud rate Bk for transmitter 212-k). The parameter otk 
is the excess bandWidth of the target function HRRc(f). In 
some embodiments, otk can be set to 0. In some embodi 
ments of the invention, otk can be set to 0.6. 

[0073] The Weight function can be chosen such that 
the stop band rejection of HTX(s) is less than about —50 dB. 
Initially, can be chosen to be unity in the pass band 
frequency 0<f<(1+\(Q/2Tk and Zero in the stop band fre 
quency f>(1+yk)/2Tk, Where yk is the excess bandWidth 
factor of the kth channel. The minimiZation of the cost 
function of Equation 3 can be continued further by increas 
ing in the stop band until the rejection of analog ?lters 
408 and 409 is less than —50 dB. 

[0074] In some embodiments, the overall impulse 
response of the transmit signal is a convolution of the 
impulse response of DACs 406 and 407 and the impulse 
response of transmit analog ?lter, i.e. 

him) = hkfm @ W60). (5) 

[0075] Where hkf(t) is the response of the ?lter and 
hkDAc(t) is the response of DACs 406 and 407. In some 
embodiments, the DAC response hkDAc(t) is a sinc function 
in the frequency domain and a rectangular pulse in the time 
domain. As shoWn in Equation 5, the overall response is a 
convolution of ?lters 408 and 409 With the response of 
DACs 406 and 407. The overall ?lter response can be close 
to the target response HRRc(f) When hkTX(t) is determined 
With the cost function of Equation 3. 

[0076] The output signals from loW-pass ?lters 408 and 
409, designated IkLPF(t) and QkLPF(t), respectively, are then 
up-converted to a center frequency fk to generate the output 
signal of yk(t), the kth channel signal. The output signal from 


























